A simple and effective method of high performance liquid chromatography (HPLC) with diode array detection was established to identify the origin of Achyranthes bidentata Blume and evaluate its quality, based on chromatographic fingerprint combined with the similarity analysis, hierarchical cluster analysis and the quantitative analysis of multi-components by single marker (QAMS). In the chromatographic fingerprint, 16 peaks were selected as the common model to evaluate the similarities among 18 batches (S 1 -S 18 ) of A. bidentata Blume samples collected from different origins in China. The similarities values for 18 batches of samples were more than 0.75, which compared with control fingerprint. Furthermore, 18 batches of A. bidentata Blume samples were categorized into two groups for quantitative analysis, the quantification of three bioactive constituents (β-ecdysterone, cyasterone and 5-hydroxymethyl furfural) between QAMS and external standard method proved the consistency of the two methods, the three constituents showed good regression (R > 0.9995) within linear ranges, and their recoveries were within the range of 97.6-101.5%. This study demonstrated that the quality of A. bidentata Blume can be successfully evaluated by means of a combination of HPLC chromatographic fingerprint and QAMS approach.
Introduction
Achyranthes bidentate Blume, belonging to the family Amaranthaceae, is a kind of perennial herbaceous plant, which is widely distributed and grown in China. Its dried root is recorded as an important medicinal herb in the Chinese Pharmacopeia. Achyranthes bidentata Blume is a traditional Chinese medicinal herb with the property of strengthening bones and muscles and ensuring proper downward flow of blood in terms of the therapeutic theory of traditional medicine, which is usually used for treatment of arthritis or immunopotentiation (1) (2) (3) .
The quality control of A. bidentate Blume was assessed only using the index parameter of β-ecdysterone (βECD; >0.03%) and ignored the other active components, resulting in the flooding of A. bidentate Blume substitutes, adulterants and in inconsistent clinical effects. The quality of A. bidentata Blume was not solely determined by a single component (4) . Other important active constituents, such as cyasterone and 5-hydroxymethyl furfural, should also be considered for quality control of A. bidentata Blume (5-7). As is well known that βECD, an estrogen analog, is effective in the prevention and treatment of arthritis via anti-inflammatory and immunomodulation effects (8, 9) . Cyasterone could inhibit inflammatory cytokines generation and improve antioxidant activity (10) . 5-Hydroxymethyl furfural exhibits the activities of anti-allergic by reducing the levels of IgE, interleukin-4 and interferon gamma (11) . Therefore, it is necessary to establish a comprehensive and practical quality evaluation system for A. bidentata Blume to monitor its quality. The accurate measurement of active ingredients can scientifically control and evaluate the quality of A. bidentata Blume, while external standard method (ESM) has higher requirements for the simultaneous determination of multi-components and reference substance. However, the quantitative analysis of multi-components by single marker (QAMS) only requires one single reference standard to simultaneously determine the contents of multi-components, which not only can greatly reduce the detection time and the cost of the experiment, but also effectively improve the practicability of the method and comprehensively control the quality of herbal or botanical products (12, 13) . Considering the active multi-components of A. bidentate Blume raw materials, QAMS method was to be adopted to determine more active ingredients.
In recent years, analysis of chemical fingerprint has been accepted by the WHO, FDA and SFDA (State Food and Drug Administration of China) for quality assessment of herbal medicines and preparations (14) (15) (16) . Since fingerprint technique emphasized that the integral characterization, some substitutes and adulterants have been differentiated from the genuine pharmaceutical materials by chromatographic fingerprint method according to the presence or absence of a limited number of peaks, but the characteristic fingerprint cannot accurately reflect the content of the active constituents of A. bidentata Blume.
Considering the shortcomings of the multi-components determination and the overall fuzzy information of A. bidentata Blume, we have combined a characteristic fingerprint with QAMS to improve the quality control and evaluation of A. bidentata Blume more effectively and comprehensively (17) . This paper has established a method that the combination of high performance liquid chromatography (HPLC) fingerprint of A. bidentata Blume and simultaneously determined the contents of three active components (βECD, cyasterone and 5-hydroxymethyl furfural) by QAMS, and validated the feasibility and applicability of this method in the quality control of A. bidentata Blume. The proposed chromatographic fingerprinting method combined with QAMS would provide a more simple and efficient tool for the quality control of A. bidentata Blume.
Experimental

Chemicals and materials
Eighteen batches (S 1 -S 18 ) of A. bidentata Blume were collected from different parts of China from May to July in 2015, which were identified by Professor Shou-jin Liu (Anhui University of Chinese Medicine, Anhui Province, China). The detailed information of all tested samples is listed in Table I . The standards including βECD, cyasterone and 5-hydroxymethyl furfural were purchased from Chengdu Pufei De Biotech Co., Ltd (Sichuan, China). The purity of these three standard compounds was >98%. Water for HPLC analysis was prepared by a Milli-Q50 SP Reagent Water System (Millipore Corporation, MA, USA). HPLC grade formic acid, acetonitrile and methanol were acquired from Fisher (Shanghai, China).
Instruments and conditions
Analyses were primarily performed on an Agilent 1260 series high performance liquid chromatography with diode array detection (HPLC-DAD) system, equipped with a quaternary pump, a vacuum degasser, an autosampler, a column temperature controller and dual wavelength DAD detector coupled with an analytical workstation. Analytes were separated by a Phenomenex Luna C18 column (5 μm, 250 mm × 4.60 mm). Samples with a volume of 20-μL were injected into the column and the column temperature was kept at 30°C. The mobile phase consisted of acetonitrile (eluent A) and 0.1% formic acid in water (pH = 2.70 ± 0.05) (eluent B) at a rate of 1.0 mL/min. The applied gradient was as follows: 0-3 min, 3-5% A; 3-10 min 
Preparation of sample solutions
One gram of A. bidentata Blume powder was sifted and accurately weighed, and the powder was transferred into plug bottles and extracted with 10 mL methanol-water (1:1, v/v) solution in an , 4°C, 30 min, and the supernatant were filtered through a 0.22-μm membrane filter as the sample solution prior to HPLC analysis.
Preparation of standard solutions
Standard stock solutions were prepared by dissolving~15.04 mg βECD, 1.56 mg cyasterone and 5.06 mg 5-hydroxymethyl furfural, respectively, into a 2-mL volumetric flask with methanol to volume, mixed and then diluted (dilution factor = 5) with methanol prior to HPLC analysis.
Calculation of relative conversion factors
When a single marker was used to determine the multi-components in samples, it should be easily available, stable and easily separated from the other compounds in the chromatographic conditions. βECD, an active component, was rich in A. bidentata Blume and easy to obtain, high content, high stability, low cost and significant pharmacological activities as a quality indicator of A. bidentata Blume in this paper. Using βECD as a single marker, the ratio of the factor of βECD and other analyte was calculated as the f x (1). With the results of f x , the concentration of each analyte (C x ) in the samples could be calculated according to the following Equations (2) and (3):
where A βECD and A x are the peaks' area of the single marker and other analyte in the samples or standard solution; f x is the average relative conversion factor of each bioactive component to βECD; C βECD and C x are the concentrations of βECD and other analyte in the samples or standard solution (mg/mL); V is the volume of the A. bidentata extracts solutions (mL); m is the mass of the A. bidentata extracts (mg); ω x is the mass concentration of bioactive components in A. bidentata (mg/g).
Statistical analysis
The data were analyzed and evaluated by means of the specialized software named Similarity Evaluation System for Chromatographic Fingerprint of Traditional Chinese Medicine (TCM) (Version 2004A), which was recommended by SFDA. The similarity among different chromatograms was quantified by calculating the correlative coefficient. Hierarchical cluster analysis (HCA) (18) (19) (20) was based on Squared Euclidean Distance to distinguish herbal species 
Results
Optimization of chromatographic conditions
In order to obtain the satisfactory chromatographic fingerprint, it is important to select a suitable extraction method and HPLC parameters. Satisfactory extraction efficiency was obtained by examining and comparing solvents (methanol or ethanol) and extraction time.
It was found that extraction with 10 mL of methanol-water (1:1, v/v) for 1 h was simpler and more effective for A. bidentata Blume. The specific steps were eventually demonstrated to be the most suitable as the section of preparation of standard solutions described. To obtain optimal chromatographic conditions, different HPLC parameters were examined and compared, including various columns, mobile phases, column temperature and mobile phase flow rates. For this formulation, finally, the Luna C18 column was considered to be the best for this application. The gradient solvent system consisted of acetonitrile (A) and 0.1% formic acid (B) was at a column temperature of 30°C with a flow rate of 1.0 mL/min, and the run time was optimized to 55 min, the detection wavelength was set at 250 nm, which gave the most reproducible chromatographic fingerprint. In such systems, chromatograms of reference standards and the typical sample of A. bidentata Blume are shown in Figure 1 .
Method validation
Linearity Calibration curves were established by making serial dilution of the three standard stock solutions (βECD, cyasterone and 5-hydroxymethyl furfural) to the corresponding concentration point with mobile phase. The three standard solutions at six different concentrations were injected in triplicate, and the calibration curve (Y = aX + b) was plotted based on the relative peak areas (Y) versus the concentrations of each analyte (X). The partial least squares method was used to calculate the regression equation, as shown in Table II . The results showed that linearity for each investigated compound (βECD, cyasterone and 5-hydroxymethyl furfural, respectively) was stable and the obtained calibration curves could be applied to QAMS analysis.
Stability
To test the stability of our assay, six injections of the same sample solution (S 3 ) were prepared and analyzed in 0, 2, 6, 8, 16 and 24 h Inter-day precision on six consecutive days. In the regression equation, Y = aX + b, Y refers to the peak area, X to the concentration of the β-ecdysterone, cyasterone, 5-hydroxymethyl furfural (mg/mL), respectively, and R 2 is the correlation coefficient of the equation.
at room temperature (26°C ± 2°C). The RSD value for the stability tests was of the same order of magnitude and <3% (Table II) . The method could be considered stable.
Accuracy
The accuracy of the method was determined by the recovery assay through the standard addition method. For this, low, medium and large amounts of the three standards were spiked into the known sample of A. bidentata Blume, and then extraction and analysis were done as described previously. The average recovery for three components was from 97.6% to 101.5% and the RSD was <3% (Table III) . It was demonstrated that the recovery was not statistically different from 100%, which indicated that the method was accurate.
Precision Intra-day and inter-day variations were used to assess precision. Intra-day precision was determined by analyzing six replicates of control samples within the same day. Inter-day precision was validated with three batches of control samples used above once a day for six consecutive days. The RSD value for intra-day and inter-day precisions was of the same order of magnitude and <3% (Table III) . The method could be considered precise.
The assessment of quantitative analysis of multicomponents by single marker method and external standard method
In order to assess and validate QAMS feasibility for the determination of multi-compounds in A. bidentata Blume, the contents of βECD, cyasterone and 5-hydroxymethyl furfural were determined by ESM and ESM represents external standard method; QAMS represents quantitative analysis of multi-components by single marker; RE represents relative error. A and seven both represent β-ecdysterone; B and 10 both represent cyasterone; C and four both represent 5-hydroxymethyl furfural. A represents β-ecdysterone; B represents cyasterone and C represents 5-hydroxymethyl furfural. f A/B is the average relative conversion factor of cyasterone to β-ecdysterone; f A/C is the average relative conversion factor of 5-hydroxymethyl furfural to β-ecdysterone.
QAMS in 18 batches, respectively. The results of QAMS were based on the nature of the calculation of fx, the intrinsic function and the proportion relationship between the selected reference analyte and other analytes. The target value was the true fx of other two components, the signal factor was the measured fx of other two components, two columns (Zorbax SB-C18 and Luna C18), three flow rates (0.8, 1.0, 1.2 mL/min), three column temperatures (25°C, 30°C, 35°C) were set as the controlling factors, and the noise was fluctuation with the changes of circumstances which were difficult to control. The results are shown in Table IV .
Relative error (RE) was built between the two components variables, to examine the deviations between QAMS and ESM. The RE related to instruments, columns, analysts, reagents, experimental methods or environmental conditions had been considered in the process of calculation of f x as flowing formula, Equation (4). Thus, if the deviations of f x in different columns, instruments and analysts were small, the differences between QAMS and ESM would be small as well.
The RE of cyasterone and 5-hydroxymethyl furfural contents between QAMS and ESM are shown in Table V . Their contents variations were within the range of 5%, which was the requirement of Chinese Pharmacopoeia indicated that there was no significant difference in the content results obtained by QAMS and ESM, and QAMS can be applied in the determination of βECD, cyasterone, and 5-hydroxymethyl furfural in different labs.
Quality evaluation of Achyranthes bidentata Blume by quantitative analysis of multi-components by single marker
The contents of βECD, cyasterone and 5-hydroxymethyl furfural in 18 batches of A. bidentata Blume samples obtained by QAMS are listed in Table V . It was observed that among these three components, the mean contents of βECD, cyasterone and 5-hydroxymethyl furfural were 66.16 mg/g, 5.88 mg/g, 23.47 mg/g, respectively. The data in Table VI reveal differences among various sample pairs. In order to show the clear classification of the samples and the relationships among the samples and evaluate the similarity and differences of A. bidentata Blume, HCA were employed to classify 18 batches of A. bidentata Blume collected from different producers and were performed using the IBM SPSS Statistics 22.0 software (IBM, New York, USA). The HCA results were clearly displayed in dendrograms ( Figure 2 ) and icicles (Figure 3) , which showed the relationships and distribution patterns among the A. bidentata Blume samples collected from 18 batches of different origins. The contents of three principal bioactive compounds in 18 batches of commercial A. bidentata Blume samples were selected as clustering variable.
The dendrograms clearly showed that the 18 tested samples of A. bidentata Blume were divided into two main clusters. Cluster one consisted of nine samples which were collected from producers SZX, ZD, MX, QYX, CFX, XYX, BXXYF and BAX. The icicles clearly revealed that these samples could be further categorized into two groups. One group was S 16 , S 15 , S 12 , S 14 , S 18 , S 11 , S 10 , S 13 and S 9 , and another group was the rest, respectively, as shown in Figure 3 . Cluster two consisted of nine samples collected from producers TQX, BXXLD, LSJK, BXXYF, APX and YJX. The cluster results ( Figure 2) were consistent with the icicles (Figure 3) . The classification of consequences coincided well with the geographical origin of the samples. A. bidentata Blume was mainly divided into two groups based on origin: Cyathula officinalis Kuan (COK) (21, 22) and Radix Achyranthis bidentatae (RAB) (23) . The content of active constituents of A. bidentata Blume was related to different climate of different producing areas. The group one belonged to COK and the group two belonged to RAB.
Quality evaluation of Achyranthes bidentata Blume by fingerprint
In order to obtain a standard fingerprint, standard samples of good quality are needed to establish the mean chromatogram. Eighteen A. bidentata Blume samples ( Table I ) that met the requirement of the Chinese Pharmacopoeia were selected as the standard samples. About 20 μL of each of the 18 batches sample solution was taken for analysis and generated feature maps of the model in the similarity evaluation system for chromatographic fingerprint of TCM (2004A) with 16 common peaks ( Figure 1B) . To identify three common peaks of fingerprint of A. bidentata Blume through retention time compared with control, respectively, as it was 5-hydroxymethyl furfural, βECD and cyasterone ( Figure 1A) . The peak value of 7 was selected as the reference peak and its methodological validation with relative retention time and the ratio of peak area as shown in Figure 1B . A common pattern was used as a control characteristic spectra, and evaluating the similarity of 18 batches of samples with the system for chromatographic fingerprint of TCM ( Figure 4) . As a result, their similarity values calculated based on similarity system theory of 18 samples were >0.75 as shown in Table VI , which meant that the common peaks were in good correlation.
Discussion
Considering the shortcomings of the multi-components determination and the overall fuzzy information of A. bidentata Blume, we have combined characteristic fingerprint with QAMS to improve the quality control and evaluation of A. bidentata Blume for the first time, and a general overview of the classification of these herbs was provided. Eighteen tested samples of A. bidentata Blume were divided into two main clusters, group 1 belonged to COK and group 2 belonged to RAB. The classification of consequences coincided well with the geographical origin of the samples. The results proved that variations in the component composition and quantity were the result of different origins. A possible explanation was that the Figure 3 . Icicles for the 18 tested samples of Achyranthes bidentata Blume. different origins of A. bidentata Blume had been cultivated in different environments (including soil type and climate) or in a different manner (including harvesting time, harvesting process, storage condition and cultural practices) (24, 25) . Which is the major factor and how it affects the contents of active constituents of A. bidentata Blume, we will do further research in the future.
It might fluctuate with the variations of experimental conditions that the intrinsic function and the proportion relationship between the selected reference analyte and other analytes (fx), such as column, flow rates, column temperature and concentrations of the standard. Therefore, it could be easily concluded that fx might also affect the final analysis results. However, fx was considered to be accurate and stable, which was calculated by linear regression equation in the experiment.
Conclusions
In the present study, a chromatographic fingerprint method combined with QAMS was developed and validated which based on HPLC method with DAD detector, and the results showed that the method is a simple and efficient strategy for quality consistency evaluations of Chinese herb A. bidentata Blume. The similarities values of the chemical fingerprint of 18 batches of samples are >0.75, which means that the common peaks are in good correlation. In addition, three major active components (βECD, cyasterone, and 5-hydroxymethyl furfural, respectively) contained in these herb samples and are well determined using the optimized HPLC condition and multivariate analysis. The contents' variations between QAMS and ESM are within the range of 5%, which indicated that there is no significant difference between the two methods according to the requirement of Chinese Pharmacopoeia and the HPLC-QAMS method could be used for replacement of ESM in case of lack of reference substance. In addition, A. bidentata Blume is mainly divided into two groups coincided well with the geographical origin of the samples. The results demonstrate that the proposed method has the virtue of good linearity, precision, stability and recovery, which would provide better technique support for the quality control of A. bidentata Blume.
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